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Abstract. Hepatocellular carcinoma (HCC) is difficult to 
diagnose at an early stage, and its prognosis is generally 
poor. Sorafenib is the primary treatment for unresectable 
advanced HCC and targets multiple receptor tyrosine 
kinases. However, sorafenib only extends the average 
survival time by 3 months. This observation indicates that 
sorafenib may need to be combined with other treatments 
to further improve outcomes. We previously showed that 
combination of sorafenib with radiotherapy (RT) enhances 
tumor inhibition in subcutaneous HCC mouse models 
compared with monotherapy. The present study demon‑
strated that combining sorafenib and RT could suppress 
tumor growth in an orthotopic HCC model by regulating 
apoptosis and NF‑κB‑related pathways. Moreover, 
decreased numbers of visible liver tumors and a smaller 
percentage of spleen metastases were found in the combi‑
nation group. A transient drop in body weight was initially 
observed after RT, but progressive recovery of body weight 
occurred. The current study showed that the combination 
of sorafenib and RT could be a safe strategy for HCC 
treatment. 

Introduction

Hepatocellular carcinoma (HCC) is a common cause of 
cancer‑associated death in Taiwan. Generally, HCC is most 
prevalent in Asia (~75% of cases were reported in Asia in 2015) 
compared with the rest of the world (1); however, HCC has 
become a common disease worldwide and is currently the ninth 
leading cause of cancer‑associated death in the United States (2). 
Unlike other cancer types, the prognosis of HCC remains poor, 
although new diagnosis and treatment strategies have been 
developed. Late diagnosis is the main contributor to poor prog‑
nosis, and it strongly impacts overall HCC outcomes. Due to 
late diagnosis, only 30% of patients with HCC are eligible for 
surgery, and the remaining patients are usually given other treat‑
ments, including sorafenib, embolization and radiotherapy (RT). 

The Sorafenib HCC Assessment Randomized Protocol trial 
conducted in 2008 showed that overall survival was prolonged 
by only 3 months when using sorafenib as a single agent to 
treat advanced HCC (3). Hence, sorafenib has been combined 
with conventional treatments, such as radiofrequency ablation 
(RFA) (4) and transarterial chemoembolization (TACE) (5), 
to enhance treatment outcomes and reduce the incidence of 
sorafenib‑induced side effects. However, combining sorafenib 
with radiotherapy (RT) is controversial because both treat‑
ments have potential toxicities, including skin reactions and 
thrombosis (6‑9). 

The liver is a radiosensitive organ (10), and HCC tumors 
are relatively resistant to RT (11). Thus, RT is not the primary 
treatment for HCC. Hsieh et al (6) was the first group to report 
that improved HCC tumor control was observed in patients 
after treatment with a combination of sorafenib and RT, but 
severe skin reactions occurred. Since then, improved treat‑
ment outcomes resulting from the combination of sorafenib 
and RT have also been reported by other groups. However, 
severe side effects, such as hand‑foot syndrome and gastroin‑
testinal bleeding, have also been observed in patients receiving 
the combination treatment (7,8). When a large portion of the 
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liver needs to be irradiated, the combination of sorafenib and 
RT is not recommended because of its severe toxicity (9). 
Radioembolization is a minimally invasive procedure that 
merges the advantages of embolization and RT for HCC treat‑
ment (12,13). Radioembolization mostly uses β‑emitters, which 
have relatively short penetration ranges, and minimizes the 
volume of liver irradiated, therefore decreasing the likelihood 
of RT‑induced toxicities (14,15). A combination of sorafenib 
and radioembolization has been tested in patients; however, 
conflicting results have been found. Improved outcomes were 
observed by Mahvash et al (16), but Ricke et al (17) reported 
that the combination treatment did not improve outcomes and 
suggested that a improved trial design would be needed. 

Yu et al (18) proposed that sorafenib enhances outcomes 
by inhibiting MAPK, NF‑κB and VEGF pathways, suggesting 
that sorafenib should be given after RT. Our group previously 
demonstrated that sorafenib suppresses the ERK/NF‑κB 
pathway and ameliorates  the  therapeutic efficacy of RT in 
oral cancer (19) and HCC (20) in orthotopic and subcutaneous 
models, respectively. As aforementioned, the volume of 
liver irradiated is strongly associated with radiation‑induced 
toxicity and might influence treatment outcomes. Though our 
previous study did not observe severe toxicity caused by the 
combination of sorafenib and RT in the subcutaneous HCC 
model, it is important to understand whether this combination 
strategy works in an orthotopic HCC model. Therefore, the 
present study aimed to evaluate the effectiveness and safety 
of the combination of sorafenib with RT in an orthotopic 
HCC model and to study the possible underlying mechanisms. 
These results may improve our understanding of whether the 
combination of sorafenib and RT would be feasible and safe 
for HCC treatment in human clinical settings. 

Materials and methods

Cell lines. The human HCC cell line Huh7/NF‑κB‑
tk‑luc2/rfp used in this study was established previously (21). 
Huh7/NF‑κB‑tk‑luc2/rfp cells were maintained in DMEM 
supplemented with 10% FBS and 1% PS (both HyClone; 
Cyvita) supplemented with 500 µg/ml of G418 to maintain tk 
and luc2 expression.

Orthotopic HCC/NF‑κB‑tk‑luc2/rfp tumor‑bearing model. In 
total, 40 7‑ to 8‑week old male nude mice (average weight, 
25 g) were used to generate the orthotopic HCC mouse model. 
All the mice had free access to food and water during the 
whole experimental period with a 12/12 h light/dark cycle. 
Briefly, mice were anesthetized with 1.5‑2% isoflurane, and 
a 1‑ to 1.5‑cm incision was made below the ensiform process 
after the surgical area was cleaned with iodine‑alcohol. In 
total, 50 µl of 5x105 Huh7/NF‑κB‑tk‑luc2/rfp cells mixed with 
Matrigel (cat no. 354263; Corning, Inc.) was slowly injected 
into the top lobe of the liver that was pushed out through the 
incision. Then the wound was sutured, and the mice were 
monitored and sent back to their cages until they recovered 
from anesthesia. Humane endpoints were set as follows: 20% 
Body weight loss, loss of mobility and activity. However, no 
mice reached these humane endpoints during the study. 

Bioluminescent imaging (BLI) was used to track in vivo 
NF‑κB activity. BLI was conducted at Taiwan Mouse Clinic. 

Body weights were also monitored to assess the general toxicity 
caused by treatments. The tumor‑bearing mice were randomly 
divided into four groups (n=5/group): Control, sorafenib 
(10 mg/kg/per day, peroral), radiotherapy (single dose, 6 Gy) 
and combination treatment. The detailed experimental design 
is shown in Fig. 1. The animal experiment was performed 
twice. The mice were euthanized on day 29 using carbon 
dioxide (20% volume displacement per minute), and their 
deaths were verified by checking eye color and reflex action. 
Then cervical dislocation was performed to ensure mice would 
not recover from CO2 inhalation. All the animal experiments 
and procedures were approved by The Institutional Animal 
Care and Use Committee of National Yang‑Ming University 
(Taipei, Taiwan; approval no. 1001238).

BLI. BLI was used to evaluate in vivo NF‑κB activity on 
the designated days (days‑6, 1, 8, 15, and 22). Briefly, mice 
were anesthetized with 1.5‑2% isoflurane and injected with 
150 mg/kg D‑luciferin intraperitoneally. After 10 min, 
images were acquired over 5 min, and the photons emitted 
from tumors were detected using an in vivo Imaging system 
(Xenogen IVIS 50; Caliper Life Sciences). The images were 
analyzed using Living Imaging software 4.3.1 (PerkinElmer, 
Inc.). BLI signals emitted from the tumors were quantified and 
plotted against the days after the first treatment (three mice 
showing high BLI signals on day ‑6 were excluded).

Electrophoretic mobility shift assay (EMSA). Mice were 
sacrificed on day 29, and cytosolic and nuclear proteins were 
extracted from the tumors using a Nuclear Extraction kit 
(EMD Millipore). A LightShift Chemiluminescent EMSA 
kit (Thermo Fisher Scientific, Inc.) was utilized to assess 
NF‑κB/DNA binding activity. The procedures were conducted 
according to the manufacturer's instructions. Nuclear proteins 
isolated from tumors were mixed with biotinylated DNA probes 
at room temperature for 20 min. The protein (20 µg)/DNA 
probe mixtures were separated on a 5% polyacrylamide 
gel and transferred to nylon membranes. UV cross‑linking 
was performed for permanent DNA fixation. ECL substrate 
provided with the EMSA kit was added to enhance signals 
after streptavidin‑horseradish peroxidase incubation for 5 min 
at room temperature, and the signals were detected using X‑ray 
film (Fujifilm Corporation). ImageJ 1.52 a (National Institutes 
of Health) was used for signal quantification. The following 
DNA sequences were synthesized for EMSA analysis: AGT 
TGA GGG GAC TTT CCC AGGC (Sense) and GCC TGG GAA 
AGT CCC CTC AACT (antisense) (20).

Western blotting. For in vitro analysis, cells treated with 
6 Gy X‑ray, 10 µM sorafenib or combination treatment were 
harvested and lysed with NP‑40 lysis buffer (50 mM Tris, 
pH 7.4, 250 mM NaCl, 1% NP‑40). For ex vivo examination, 
mice were sacrificed on day 29. Proteins were extracted 
from tumors using tissue protein extraction reagent (Thermo 
Fisher Scientific, Inc.) to evaluate protein expression changes 
caused by the treatments. Protein concentrations were deter‑
mined using a Bradford assay. In total, 30 µg cell or tissue 
lysates were separated using 8‑15% SDS‑PAGE, transferred 
to PVDF membranes, and incubated with specific primary 
antibodies overnight at 4˚C after 1‑h blocking with 5% non‑fat 
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milk at room temperature. Primary antibodies used in this 
study included anti‑matrix metalloproteinase (MMP)‑9 (cat. 
no. #13667), anti‑cyclooxygenase (COX)‑2 (cat. no. #12282), 
anti‑cyclin D1 (cat. no. #55506), anti‑cellular FLICE‑like 
inhibitory protein (c‑FLIP; cat. no. #8510), anti‑caspase‑8 
(cat. no. #4790), anti‑cleaved caspase‑3 (cat. no. #9664), 
anti‑Bcl‑2 (cat. no. #4223), anti‑Bcl‑xL (cat. no. #2764), 
anti‑Mcl‑1 (cat. no. #5453), anti‑Bcl‑2‑like protein 11 (Bim; 
cat. no. #2933), anti‑Bak (cat. no. #12105), anti‑BH3‑in‑
teracting domain death agonist (BID; cat. no. #2002) and 
anti‑β‑actin (cat. no. #3700). All primary antibodies were 
purchased from Cell Signaling Technology, Inc., and diluted 
to 1:1,000 in 1X TBST (TBS containing 0.1% Tween‑20) 
before incubation with membranes, except for anti‑β‑actin 
that was diluted to 1:5,000. Membranes were washed with 
1X TBST and incubated with anti‑rabbit and anti‑mouse 
IgG horseradish peroxidase (HRP)‑conjugated secondary 
antibodies (cat nos. 5220‑0337 and 5220‑0339, respectively) 
with 1:10,000 dilution (SeraCare) at room temperature for 
1 h. Finally, the proteins of interest were detected using an 
Enhanced Chemiluminescent system (MilliporeSigma) and 
the LAS‑4000 imaging system (Fujifilm, Corporation). The 
band intensities were quantified using ImageJ, and β‑actin 
served as an internal control. 

Statistics. All the in vitro experiments were repeated three 
times, and the animal studies were repeated twice. GraphPad 
Prism 8 (GraphPad Software) was used to generate plots and 
perform statistical analyses. All the results are presented as 
mean ± standard error or the mean. One‑way ANOVA and 
Tukey's post hoc tests were performed to compare difference 
between groups for western blotting. Two‑way ANOVAs and 
Tukey's post hoc tests were performed to compare differences 
between groups for the animal studies, and the two variables 
were treatments and time. 

Results

In vivo BLI shows that combination of sorafenib and RT 
results in the most significant NF‑κB suppression in ortho‑
topic HCC tumors. The NF‑κB/tk‑luc2 construct contains an 
NF‑κB‑responsive element to drive the downstream reporter 
genes, tk and luc2, which allows determination of NF‑κB 
activity using imaging. We previously established a stable 
clone named Huh7/ NF‑κB/tk‑luc2 (21). Using these cells, the 
present study monitored NF‑κB activity in HCC tumors using 
in vivo BLI on the same cohorts of mice over time. Except for 
three, the mice had minimal BLI signals on day 6 (Fig. 2). All 
the images shown in Fig. 2 have the same scale bar, which helps 

Figure 1. In vivo experimental design. Mice were injected with 5x105 Huh7/NF‑κB‑tk‑luc2/rfp cells intrahepatically to generate orthotopic hepatocellular 
carcinoma tumors. Mice were randomly divided into four groups according to BLI signals. RT group received 6 Gy of radiation 6 days after grouping, and 
both the sorafenib and combination treatment groups received their first sorafenib dose 3 days before irradiation. In vivo NF‑κB activity was monitored by BLI 
once a week for 5 weeks, and the mice were sacrificed on day 29. Tumors were removed and analyzed using WB and EMSA. BLI, bioluminescent imaging; 
RT, radiotherapy; WB, western blotting; EMSA, electrophoretic mobility shift assay.

Figure 2. BLI used to monitor changes in NF‑κB activity in orthotopic hepatocellular carcinoma tumor‑bearing mice. In vivo NF‑κB activity was tracked by 
BLI as Huh7 cells were stably transfected with the NF‑κB‑tk‑luc2/rfp construct. Mice were randomly divided into four groups. All images are presented with 
the same scale bar to observe signal changes after treatment over time. BLI, bioluminescent imaging; IR, irradiation; RT, radiotherapy; Sora, sorafenib; Comb, 
combination.
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observe longitudinal signal changes. Fig. 2 shows that the BLI 
signals increased over time in the control, RT and sorafenib 
groups. Notably, the BLI signal did not change significantly in 
the combination group. 

Fig. 3 shows quantified BLI results of all groups. On 
day 15, significant differences were first detected in both the 
sorafenib and combination groups compared with the control 
group (P<0.01). Moreover, a significant difference between the 
control and combination groups (P<0.01) was still observed 
on day 22. 

It is worth noting that the average BLI signal of RT group 
was comparable to that of the sorafenib group until day 15, 
but an increased signal was observed in the RT group on day 
22. The trends in BLI signal changes were similar between 
the sorafenib and combination groups until day 22 after RT, 
and the average BLI signal was slightly higher in the sorafenib 
group compared with in the combination group. 

Combination of sorafenib and RT suppresses NF‑κB/DNA 
binding ability and represses NF‑κB regulated proteins 
in orthotopic HCC tumors. As shown in Fig. 4, RT did not 
decrease NF‑κB/DNA binding ability, which was suppressed by 
sorafenib. Also, combination treatment reduced NF‑κB/DNA 
binding ability in orthotopic HCC tumors. These results are 
consistent with the aforementioned in vivo BLI observations. 

The EMSA results indicated that combination treatment 
strongly reduced NF‑κB/DNA binding ability in orthotopic 
HCC tumors. NF‑κB is a signaling transduction hub and 
regulates several pathways associated with metastasis, 
inflammatory tumor microenvironments, proliferation and 
anti‑apoptosis (22). Therefore, the expression of the following 
proteins was examined: MMP‑9, COX‑2, Cyclin D1 and 
c‑FLIP. Fig. 5 shows that MMP‑9, COX‑2 and cyclin D1 were 
suppressed by RT, sorafenib and combination treatment. 
Notably, c‑FLIP expression was decreased by sorafenib but 
elevated after RT, and the combination treatment resulted 
in slight c‑FLIP suppression compared with the control 
group. Lastly, the levels of caspase‑8 and cleaved caspase‑3 
were examined. RT failed to increase caspase‑8 and cleaved 
caspase‑3 levels, unlike sorafenib and combination treat‑
ment significantly increased cleaved caspase‑3 expression 

in orthotopic HCC tumors (P<0.01 compared with control; 
P<0.05, P<0.01 compared with RT; P<0.01 compared with 
sorafenib) (Fig. 5). 

Cells treated with 6 Gy RT, 10 µM sorafenib or combination 
treatment were analyzed using western blotting to determine 
how these treatments influenced Bcl‑2 family proteins and 
subsequent signaling pathways. As shown in Fig. 6, Bcl‑2 and 
pro‑survival Bcl‑xL and Mcl‑1 were slightly decreased in all 
treatment groups. However, sorafenib and combination treat‑
ment significantly elevated the expression of pro‑apoptotic 
Bim, BAK and BID compared with control group (P<0.05 
and P<0.01 compared with control; P<0.01 compared with RT; 
P<0.05 compared with sorafenib). 

Combination treatment not only suppresses NF‑κB/DNA 
binding activity but also inhibits the growth of orthotopic 
HCC tumors. Fig. 7 shows representative tumors removed 
from control mice and those that received different treatments. 
The images show that all treatments shrank the orthotopic 
HCC tumors, and the combination treatment resulted in the 
most notable tumor inhibition. The largest tumor diameters 
found in each group were also compared (Table I). Visible 
HCC tumors were still found in more than half of the mice 

Figure 3. Comb treatment suppresses in vivo NF‑κB activity in orthotopic 
hepatocellular carcinoma tumors. **P<0.01 compared with control group. RT, 
radiotherapy; BLI, bioluminescent imaging; Comb, combination.

Figure 4. Comb treatment strongly represses NF‑κB/DNA binding activity 
in orthotopic HCC tumors. Nuclear proteins were isolated from orthotopic 
hepatocellular carcinoma tumors and analyzed using a electrophoretic 
mobility shift assay to examine NF‑κB/DNA binding activity. Comb, combi‑
nation; Sora, sorafenib; RT, radiotherapy.
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after treatment; however, the largest tumor diameters detected 
in the treatment groups were smaller compared with those in 
the control group. Moreover, there were fewer total tumors 
found in the combination group compared with in the other 
three groups. All 10 mice in the control group had visible liver 
tumors (establishment rate=100%). Both sorafenib and combi‑
nation treatment reduced the numbers of mice with visible 
liver tumors to six out of nine (establishment rate=67%). Fig. 8 
shows transient but significant decreases in body weight were 
detected in the combination group on day 2 post RT. The body 
weight decrease was within ±20% of the mean body weight 
and recovered at later time points.

Discussion

HCC is mainly treated by surgical removal; however, only 
small numbers of patients can have surgery because of tumor 
location and numbers (23). Patients with unresectable HCC 
may undergo RFA, TACE, chemotherapy and RT, but none 
of these treatments are efficient for advanced HCC (24,25). 
Sorafenib is a targeted therapy for advanced HCC, and it blocks 
signaling pathways initiated by different receptor tyrosine 
kinases (RTKs), such as VEGF and platelet‑derived growth 
factor (26). RT is not the first‑line treatment for HCC because 
HCC is relatively resistant to RT compared with other cancer 

Figure 5. Western blotting demonstrates that comb treatment regulates the expression of NF‑κB‑regulated and apoptosis‑related proteins. *P<0.05 and **P<0.01 
compared with control group, #P<0.05 and ##P<0.01 compared with RT group and ††P<0.01 compared with Sora group. Ctrl, control; Sora, sorafenib; RT, 
radiotherapy; Comb, combination; MMP, matrix metalloproteinase; c‑FLIP, cellular FLICE‑like inhibitory protein; COX, cyclooxygenase. 

Figure 6. Sorafenib and the combination treatment contribute to cell death by enhancing the expression of Bcl‑2‑related pro‑apoptotic proteins. *P<0.05 and 
**P<0.01 compared with control group, ##P<0.01 compared with RT group and †P<0.05 compared with Sora group. Sora, sorafenib; RT, radiotherapy; Comb, 
combination; Bim, Bcl‑2‑like protein 11; BID, BH3‑interacting domain death agonist.
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types, such as lymphoma and head and neck cancer (27). 
HCC cells that survive RT exhibit more aggressive behaviors, 
including proliferation, anti‑apoptosis and metastasis (28). 
Proteins associated with these aggressive behaviors, such as 
cyclin D1, Bcl‑2 and MMP‑9, are regulated by a key transcrip‑
tional factor, NF‑κB. NF‑κB activity modulates the balance 
between RT‑induced apoptosis and radioresistance that influ‑
ences the efficacy of RT in certain types of cancer, including 
oropharyngeal cancer, HCC and lung cancer (29‑32). 

Our previous study showed that pretreatment with 
sorafenib combined with RT led to improved tumor inhibition 
in subcutaneous HCC tumor‑bearing mice through inhibition 
of NF‑κB activity (20). The present study aimed to understand 
whether this combination treatment is also feasible and safe for 
application in an orthotopic HCC model because the liver is 
a relatively radiosensitive organ (6). Huh7/NF‑κB‑tk‑luc2/rfp 
cells were used to generate an orthotopic HCC model. As 
the NF‑κB‑responsive element controls both reporter genes, 
tk and luc2, molecular imaging could be used to monitor 
in vivo NF‑κB activity longitudinally with the same cohorts 
of mice (21). 

In vivo BLI revealed changes in NF‑κB activity over 
time. BLI signals were similar among all groups until day 
15. Unlike the results obtained from previous subcutaneous 
HCC models (20), RT and sorafenib slightly increased NF‑κB 
activity in orthotopic HCC tumors over time. Notably, NF‑κB 
activity decreased over time in the combination group. 

Then, nuclear proteins were extracted and EMSA was 
used to determine NF‑κB activity; the results were consistent 
with the BLI findings. The combination treatment suppressed 
NF‑κB/DNA binding activity, which was also repressed in the 
sorafenib and RT groups. Similar patterns, NF‑κB‑driven BLI 
signals and EMSA results have been observed in our previous 
studies (20,21). It has been reported that the NF‑κB‑driven 
reporter assay is more sensitive compared with EMSA because 
the use of a specific promoter/responsive element‑driven 
reporter system could further enhance signals via both tran‑
scription and translation (33,34). Additionally, luciferase is 
not expressed by mammalian cells; thus, BLI should have 
minimal background signals and should detect small differ‑
ences between groups (35). 

NF‑κB is a signaling hub controlling multiple proteins such 
as VEGF and XIAP and promoting tumor progression (22). 
The present study extracted proteins from tumors and used 
western blotting to examine the expression of MMP‑9, 
cyclin D1, and COX‑2, which are associated with invasive‑
ness (36), proliferation (36) and inflammation (37). Although 
the expression of these proteins was found to be decreased 
in all treatment groups, they were reduced very little in the 
RT group compared with the other groups. Our previous 
studies (20,21) indicated that sorafenib slows HCC growth 
through ERK/NF‑κB inhibition. Therefore, NF‑κB activity 
was also examined, and the result was consistent with those 
for the three NF‑κB downstream proteins aforementioned. 
Sorafenib and combination treatment markedly suppressed 
cyclin D1 expression in tumors.

Both anti‑proliferation and increased apoptosis can lead to 
tumor suppression (38). Therefore, apoptosis‑related proteins, 
including c‑FLIP, caspase‑8 and cleaved caspase‑3, were further 
examined. Cleaved caspase‑3 expression was increased in all 
treatment groups. It is worth noting that RT caused increased 
c‑FLIP and decreased caspase‑8 expression compared with the 
control group; however, c‑FLIP was decreased and caspase‑8 was 

Figure 7. Representative pictures of the tumors from each group. Yellow dotted circles represent the hepatocellular carcinoma tumors. Sora, sorafenib; RT, 
radiotherapy; Comb, combination.

Figure 8. Combination treatment causes transient decreases in body weight in 
orthotopic hepatocellular carcinoma‑bearing mice. RT, radiotherapy; Comb, 
combination.
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increased in the sorafenib and combination groups. The apop‑
totic pathway can be further divided into extrinsic and intrinsic 
pathways, and caspase‑8 is present in both pathways. c‑FLIP is 
known as a master anti‑apoptosis regulator (39) and prevents 
activation of caspase‑8 and its downstream caspase cascades. 
Stagni et al (40) proposed that ATM activation may modulate 
c‑FLIP expression in lymphoid cells. The ATM serine/threonine 
kinase is activated by DNA damage resulting from chemotherapy 
or ionizing radiation, then initiates DNA repair or apoptotic 
processes. Ivanov et al (41) showed that pretreatment with an 
ATM inhibitor, KU‑55933, decreased radiation‑induced c‑FLIP, 
p53 and NF‑κB activation in melanoma cells. c‑FLIP‑silencing 
can also enhance TNF‑related apoptosis‑inducing ligand 
(TRAIL)‑mediated cell killing by restoring apoptosis in cervical, 
ovarian and breast cancer cells (42,43). 

It is known that RT‑induced apoptosis occurs mainly 
through the intrinsic pathway (44), and this could partially 
explain the present western blotting results. RT increased 
cleaved caspase‑3 and c‑FLIP expression, and reduced 
caspase‑8 expression compared with the control group. These 
results implied that the development of radioresistance is not 
only caused by NF‑κB but also c‑FLIP in orthotopic HCC 
tumors. McLaughlin et al (45) reported that c‑FLIP expression 
negatively modulates radiosensitivity in non‑small cell lung 
cancer by overexpressing and silencing c‑FLIP. c‑FLIP is also 
one of the proteins downstream of NF‑κB (46). 

NF‑κB and c‑FLIP influence Bcl‑2 family protein 
expression through different mechanisms. NF‑κB transcrip‑
tionally promotes Bcl‑2 expression (47), and c‑FLIP prevents 
caspase‑8‑mediated BID cleavage and intrinsic apoptosis (48). 
Bcl‑2 family proteins can trigger both pro‑apoptotic and 
pro‑survival pathways (49). All treatments slightly suppressed 
the expression of Bcl‑2 and pro‑survival Bcl‑2 family proteins 
including Bcl‑xL and Mcl‑1 in the present study. In contrast, 
Bcl‑2‑related pro‑apoptotic Bim, Bak and BID were markedly 
increased after sorafenib and combination treatment. These 
results indicated that sorafenib and combination treatment 
promoted cell death mainly by enhancing pro‑apoptotic 
signaling in HCC cells. Several studies have shown that the 
combination of sorafenib with Mcl‑1 (50,51), Bcl‑2 (52) or 

Bcl‑xL (53) inhibitors synergistically enhance its ability to kill 
different types of cancer cells. 

Bidirectional regulation between NF‑κB and c‑FLIP has 
been reported (39). c‑FLIP upregulates NF‑κB expression (54) 
and enhances its nuclear translocation (55). However, the present 
EMSA results showed that RT did not change NF‑κB/DNA 
binding activity, even when c‑FLIP expression was increased 
in orthotopic HCC tumors. These results suggested that other 
transcription factors are involved. Accumulating evidence 
demonstrates that STAT3 inhibition could suppress STAT3 
and reverse TRAIL resistance in multiple cancer types, such 
as lung cancer, renal carcinoma and HCC (56,57). Sorafenib 
inhibits tumor growth and metastasis by targeting RTKs and 
blocking the STAT3 pathway in HCC (58,59). Additionally, 
sorafenib has been shown to enhance radiation‑induced 
apoptosis (60) and reverses TRAIL resistance (61) in HCC 
by targeting STAT3. There remain some interesting avenues 
for future research, for example the changes and interactions 
between STAT3 and NF‑κB after sorafenib combined with 
radiotherapy, the roles of immune cells in sorafenib combined 
with radiotherapy and the possibilities of combining sorafenib, 
radiotherapy and immunotherapy in HCC. Although the 
changes in NF‑κB activity in tumors were evaluated using 
EMSA, the NF‑κB protein level was not determined in the 
current study. The changes in NF‑κB‑regulated Bcl‑2 family 
proteins by treatments were studied with Huh7 cells rather 
than HCC tumors. The lack of in vivo experiments to confirm 
these findings is also a limitation of the present study. 

Decreased cyclin D1 and elevated cleaved caspase‑3 levels 
from tumors harvested in the present study were detected using 
western blotting, suggesting tumor reduction may have resulted 
from impaired cell proliferation and enhanced apoptosis, 
respectively. Moreover, all treatment groups showed smaller 
and fewer tumors compared with the control group. Again, the 
smaller tumor sizes and fewer metastatic lesions are consistent 
with the results obtained by western blotting. All treatments 
decreased cyclin D1 and MMP‑9 expression and increased 
cleaved caspase‑3 expression in orthotopic HCC tumors. 

As the liver is a radiosensitive organ, potential toxicity 
limits RT applications in HCC treatment. Although changes 
in body weight were not observed in the subcutaneous HCC 
models (18), transient but significant decreases in body weight 
were detected in the combination group in the current study. 
However, the body weight decrease was within ±20% of the 
mean body weight and recovered at later time points. The 
reduction in body weight was due to RT‑induced toxicity 
rather than cachexia. Although only the liver was exposed to 
RT during irradiation, intestinal damage may have occurred 
contributing to weight loss. It was speculated that the toxicity 
resulting from combination treatment would be acceptable. 
The transient toxicity could be further decreased if the irradia‑
tion dose could be delivered more precisely and exclusively to 
tumors. Particle therapies like proton therapy and carbon ion 
therapy could be ideal candidates. Both protons and carbon 
ions have narrow Bragg peak, which means that irradiation 
doses can be delivered at specific depths and reduce the doses 
received by surrounding normal tissues (62,63).

To the best of our knowledge, the present study is the 
first showing that the combination of sorafenib and RT could 
suppress tumor growth using an orthotopic HCC model. 

Table I. Rates of orthotopic HCC establishment, the total 
tumor numbers and the largest tumor diameter detected in each 
group. 

 HCC establishing Largest tumor Total tumor
Treatment group  rate, %a diameter, mmb numberc

Control 100 24 33
RT 90 10 16
Sorafenib 70 10 18
Combination 67 7 16

aMice with visible orthotopic liver tumors at the last time point in ten 
mice from two separate experiments. bLargest largest tumor diam‑
eters found in all the tumors in each group. cTotal numbers of tumors 
counted at the last time point in each group. HCC, hepatocellular 
carcinoma; RT, radiotherapy.
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In summary, pretreatment with sorafenib plus RT led to the 
best tumor inhibition with acceptable general toxicity. The 
sorafenib and RT combination acts through NF‑κB inhibition 
and likely STAT3 suppression as well. Moreover, it would be 
worth investigating how the combination treatment modulates 
tumor metastasis and influences the tumor microenvironment 
in the future as both NF‑κB and STAT3 are critical signaling 
hubs that regulate cancer progression (64‑66). 
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